We investigated the superconducting order parameter of the filled skutterudite LaPt4Ge12, with a transition temperature of Tc = 8.3 K. To this end, we performed temperature and magnetic-field dependent specific-heat and thermal-conductivity measurements. All data are compatible with a single superconducting s-wave gap. However, a multiband scenario cannot be ruled out. The results are discussed in the context of previous studies on the substitution series Pr1−xLaxPt4Ge12. They suggest compatible order parameters for the two end compounds LaPt4Ge12 and PrPt4Ge12. This is not consistent with a single s-wave gap in LaPt4Ge12 considering previous reports of unconventional and/or multiband superconductivity in PrPt4Ge12.
I. INTRODUCTION
The pairing mechanism of a superconductor determines the symmetry of its order parameter, which in turn is connected to the symmetry of the superconducting gap. Superconductors, whose averaged order parameter over the entire Fermi surface yields zero, are called unconventional. They attract much interest 1 in modern condensed matter physics because a description of the underlying physics has to go beyond the standard Bardeen-CooperSchrieffer (BCS) theory for an s-wave order parameter. Their gap contains nodes, whose existence and position can be detected by a variety of experimental probes. Often, only a combination of results from different probes allows one to draw a conclusive picture. The search and study of unconventional superconductors was triggered by the discovery of heavy-fermion superconductivity 2 , the high-T c cuprates 3 , and organic superconductors 4 . By now, a lot more materials are believed to be unconventional superconductors.
In this context, the filled-skutterudite compounds M T 4 X 12 (M = electropositive metal, T = transition metal, and X = usually a pnictogen) attracted much attention with the discovery of PrOs 4 Sb 12 , which is the first Pr-based heavy-fermion superconductor and believed to be of unconventional type 5, 6 . It exhibits exotic properties probably connected to the quadrupole degrees of freedom 6 . The skutterudite family M Pt 4 Ge 12 (M = Sr, Ba, La, Pr, Th) with a Pt-Ge framework are also superconductors [7] [8] [9] [10] [11] . The two members PrPt 4 Ge 12 and LaPt 4 Ge 12 show superconductivity at relatively high transition temperatures compared to other skutterudites, namely T c = 7.9 K and 8.3 K 8 .
PrPt 4 Ge 12 seems to be a good candidate for unconventional superconductivity. It is considered to be a moderately strong-coupling superconductor from the large specific-heat jump compared to the BCS value 8 . There are indications of point nodes from NMR 12 , specific heat, and penetration depth 13 . Furthermore, µSR measurements detected a time-reversal symmetry breaking below T c 14, 15 . Additionally, a number of investigations including photoemission, magnetization, penetration depth, and specific heat revealed multiband superconductivity in this compound 13, [16] [17] [18] [19] . The continuous evolution of T c across the doping series (Pr 1−x La x )Pt 4 Ge 12 suggests compatible order parameters of the end members PrPt 4 Ge 12 and LaPt 4 Ge 12 14 . However, the few existing investigations on LaPt 4 Ge 12 point towards a single isotropic gap: the specific-heat jump ∆C/γ n T c is only slightly above the BCS value suggesting a weaker coupling than in PrPt 4 Ge 12 8 . NMR and photoelectron-spectroscopy results for LaPt 4 Ge 12 could be best explained by a single isotropic gap 16, 20 . Additionally, no time-reversal symmetry breaking is observed in LaPt 4 Ge 12 by µSR 14 . Only one recent study using µSR and tunnel diode spectroscopy for penetration-depth measurements reports indications of multiband superconductivity in LaPt 4 Ge 12 21 . In order to develop a conclusive picture, it is necessary to shed more light on the superconducting properties of LaPt 4 Ge 12 . In particular, it is important to clarify, if LaPt 4 Ge 12 is a multiband superconductor. To this end, we performed specific-heat measurements at temperatures down to 0.4 K for different magnetic fields. While the temperature dependence at zero field can be described with a single superconducting s-wave gap, the field dependence of the specific-heat γ 0 -coefficient shows sub-linear behavior, which is discussed in terms of Fermisurface anisotropies. Additionally, we use the specificheat results to analyze the data of our detailed thermalconductivity study with a focus on the behavior below 1 K. Our temperature-and field-dependent measurements are compatible with a single-gap s-wave state.
II. METHODS
For the synthesis of single crystals of LaPt 4 Ge 12 , a bulk sample of mass 2 g was placed in a glassy-carbon arXiv:1608.06895v1 [cond-mat.supr-con] 24 Aug 2016 crucible, sealed in a Ta tube and enclosed in a quartz ampoule. The ampoule was heated up to 870
• C within 5 h and kept at this temperature for 10 h. Then it was cooled down to 845
• C and held for 30 days and furnacecooled. Single crystals of 1-4 mm size were mechanically extracted from the sample 22 . We investigated three high-quality single crystals of LaPt 4 Ge 12 selected from the same batch with a residual resistivity ratio (RRR) of 17 and a residual resistivity ρ 0 of 3.8 µΩcm. Crystal #1 with a mass of m = 14.7 mg and crystal #2 with 67.2 mg were used for specific-heat measurements by a relaxation method (Heat Capacity Option in a PPMS by Quantum Design). On crystal #3 we performed transport measurements with a standard twothermometer-one-heater technique. For this purpose, we cut it first into a rectangular bar along the principal cubic crystal axes with a cross-sectional area of 0.492 mm 2 and a contact distance of 1.08 mm. This arrangement was used for thermal-conductivity measurements in a PPMS (Thermal Transport Option) above 2 K and in zero magnetic field. Afterwards, a long plate was cut from crystal #3 again along the principal cubic crystal axes with the dimensions (0.04 × 0.50 × 1.92) mm 3 . This sample #3a was used to measure thermal conductivity both as a function of temperature and isothermally as function of magnetic field for temperatures below 1 K and for magnetic fields of 0 ≤ H ≤ 2 T. The heat current j was applied along the same direction as for the PPMS measurement. A superconducting split-coil magnet generated a magnetic field H ⊥ j.
III. RESULTS

A. T -dependence of the specific heat
The specific heat C(T ) of LaPt 4 Ge 12 was measured at zero field and in a field of 2 T, which is above the superconducting critical field ( Fig. 1(a) ). Our measurements are in good agreement with previous results on polycrystalline samples 8 . The data at 2 T, C 2 T (T ), are used as an estimate of the phonon contribution. To obtain the electronic contribution C e to the specific heat at zero field, the results at 2 T are subtracted from the zero-field data except for a normal-state electronic contribution γ n = C n (T )/T = const., which is determined by a fit to C 2 T (T ) between 0.3 K < T < 10 K using the sum of a Debye and Einstein model,
where C E describes the Einstein specific heat from a single phonon mode. The fit result is also plotted in Fig.  1(a) . From the fit we obtain γ n = 56 mJ mol
(Debye temperature Θ = 208 K), and an Einstein temperature of T E = 95.5 K. The fit describes the data in the whole temperature range reasonably well, only below 4 K there are small deviations and the phonon contribution follows β T 2.5 . This deviation is most likely due to the complicated phonon spectrum generally observed in filled skutterudites caused by a combination of modes from the filler atom La and modes from the cage structure formed by Pt and Ge 9, 11, 23 . The addition of a T 5 -term is not able to improve the fit. The deviations of the data from the model in Eq. 1, however, can be neglected for the following analysis of the specific heat, but it becomes important when we discuss the thermal conductivity. The result for the electronic contribu-tion to C 0 T (T ) is shown in Fig. 1(b) as the specific heat coefficient γ(T ) = C e (T )/T . We note that the feature in C e /T below 1 K is an artefact due to the subtraction of the lattice contribution to the specific heat.
The specific heat exhibits a sharp superconducting transition at 8.0 K with a width of 0.13 K, which is an indication of the good quality of our crystals. The jump height is larger than expected from the predictions of the weak-coupling BCS model (∆ 0 = 1.76 k B T c ), which cannot reproduce our data. However, we are able to describe C e (T )/T adjusting the gap to ∆ 0 = 2.03 k B T c . This value is in resonable agreement with the results from photoelectron spectroscopy: ∆ 0 = 1.95 k B T c 16 , and NMR: ∆ 0 = 1.92 k B T c 12 . Since superconductivity in other skutterudites is discussed in terms of multiband superconductivity 13, [24] [25] [26] and there are results in favor of this interpretation for LaPt 4 Ge 12 as well 21 , we also consider this possibility based on our specific-heat data. In the case of two gaps, the specific heat might be described by a weighted sum of the contributions from both gaps within the standard two-gap α-model
Both C e,1 and C e,2 are calculated within the BCS theory, but with variable gap sizes ∆ 1 and ∆ 2 . The third free parameter of this model is the weighting factor x. Since our data can already be described with a single gap ∆ 0 , one of the two gaps considered for the α-model must be greater, the other one smaller than ∆ 0 . We therefore evaluate the α-model numerically in the parameter range (1k B T c ∆ 1 ∆ 0 ), (∆ 0 ∆ 2 3k B T c ) using the data between 2 K < T < T c . Using Eq. 2, we determined the corresponding x from the height of the specific heat jump at T c , which we obtained from the single band calculation with ∆ 0 = 2.03 k B T c . The results for x are shown in Fig.  1(c) .
In order to find all parameter sets (∆ 1 , ∆ 2 , x), which are able to describe our data, we evaluate the variance
which we plot in Fig. 1(d) on a logarithmic scale. In this plot, we can identify the single band case in the corner where ∆ 1 , ∆ 2 = ∆ 0 . It also extends vertically and horizontally from this point, where we find either x = 1 or x = 0, respectively. However, there is also a large region away from the single-band case, which has the same low variance. As an example, the electronic specific heat calculated from parameter set 1 (see Fig. 1(b) ) lies almost on top of the single-band calculation. We obtain such a shape and large size of this low-variance region, because a single band is already capable to describe our data. Away from the low variance region, the results from the α-model start to deviate from our data, which is demonstrated by the curve from parameter set 2 in Fig. 1(b) . In summary, our results from the analysis with the α-model 
B. H-dependence of the specific heat
The magnetic-field dependence of the γ 0 -coefficient in the superconducting state was determined by an extrapolation of C e (T, H = const)/T data to zero temperature assuming an exponential behavior at low temperatures in the superconducting state. Figure 2 clearly shows, that γ 0 (H/H c2 ) normalized to its normal state value γ n follows a sublinear curve γ 0 /γ n = (H/H c2 ) η with an exponent of η = 0.72 between 0 ≤ H ≤ H c2 . µ 0 H c2 = 1.4 T has been determined from thermal conductivity, see below. This exponent lies in between expectations for nodal superconductors in simplified models (η = 0.5) 28 and a fully gapped isotropic superconductor (η = 1.0)
29 . However, these predictions take only certain quasiparticle contributions into account: for an s-wave superconductor it is the contribution to the density of states from the states within the vortex cores; for nodal superconductors it is a contribution from the delocalized quasiparticles around the nodes. Deviations are, therefore, expected, if one takes further contributions into account. In addition to core states and delocalized quasiparticles, respectively, this would be vortex lattice contributions 30 . Since the temperature dependence of the specific heat does not indicate the presence of nodes in the superconducting gap function, we will focus here on the case of fully gaped superconductors. A deviation of γ 0 (H) from the predicted linear dependence was observed in several s-wave superconductors [31] [32] [33] [34] [35] . Several possible reasons have been suggested: (1) multiband superconductivity; (2) anisotropic Fermi surface; (3) non-linear contributions from the vortex lattice, which arise due to a fielddependent vortex-core radius 30, 31 . We first discuss case (1). In the multiband superconductor MgB 2 , two distinct field scales were identified 27, 36 , which correspond to the two different upper-critical fields of the two gaps. Interestingly, the field dependence of γ 0 /γ n tracks the field dependence of the thermal conductivity κ 0 /κ n with the same characteristic field scales. This is not the case in LaPt 4 Ge 12 , as κ 0 /κ n shows a curvature with opposite sign (see below) and makes, therefore, a scenario with two gaps of very different size, as in PrPt 4 Ge 12 , rather unlikely.
LaPt 4 Ge 12 has a complex, anisotropic Fermi surface with several bands crossing the Fermi level 37 . This might explain the observed sublinear behavior in γ 0 (H). A similar scenario has been suggested for the borocarbide superconductor LuNi 2 B 2 C 35,38 . We cannot exclude that a field dependent vortex core radius provides a further mechanism for the observed deviations, however, so far there are no indications for such a scenario in LaPt 4 Ge 12 .
C. T -dependence of the thermal conductivity Figure 3 (a) presents the thermal conductivity κ(T ) at zero field for temperatures up to 100 K. Figure 3(b) shows the section below about 0.5 K as a function of T 1.4 , which we will discuss first in more detail. The data follow a power law, which we fit with κ(T )/T = κ 0 /T + bT a below T = 0.4 K. From the fit, we obtain a residual term κ 0 /T = 0.01 WK −2 m −1 (κ 0 /κ(H c2 ) = 1%), which is of the order of our measurement uncertainty. A sizable residual term is expected for a nodal superconductor [39] [40] [41] due to pair-breaking impurities. Our observed κ 0 /T is small compared to these expectations and experimental results for unconventional superconductors, e.g. the dwave superconductors Tl 2 Ba 2 CuO 6+δ with κ 0 /κ(H c2 ) ≈ 35% 42 , and CeIrIn 5 with κ 0 /κ(H c2 ) ≈ 20% 41 . Hence, this result points towards a superconductor with a finite gap everywhere on the Fermi surface.
The exponent we obtain from the power law fit is a = 1.4. In an s-wave superconductor, the thermal conductivity at sufficiently low T /T c is expected to be entirely due to phonons. With the relation one can estimate the phonon contribution κ p from the specific heat C p and the mean free path l p . C p = βT 3 is the phonon specific heat from a Debye model determined above. The sound velocity v p can be calculated from C p using the two equations Fig. 1(a) ). Interestingly, the thermal conductivity follows a T 2.4 dependence at low T , which is close to the experimentally determined T -dependence of C p . The almost identical exponents hint at a scenario, where phonons scattered on boundaries are the main contribution to κ at low T . A fit of the thermal conductivity with an adjusted power law C p = β T 2.5 , with the velocity v p calculated above, and l p as free parameter is shown in Fig. 3(b) . It leads to a mean free path of l p = 0.055 mm, which is a reasonable value considering the shortest of the sample dimensions (0.04 × 0.50 × 1.92) mm 3 . This nice agreement suggests first boundary scattering as the main contribution to l p and a negligible contribution of specular reflections, which would lead to a considerably larger l p . Secondly, it points towards a negligible electronic contribution to κ at low T and thus to a finite gap at every k point of the Fermi surface.
With the results from the low-temperature thermal conductivity, we can also understand the behavior in the whole temperature range (Fig. 3(a) ). At T c , a clear drop is visible followed by a hump at slightly lower T . In general, the thermal conductivity both in the normal state, κ n , and in the superconducting state, κ s , consists of a phonon and an electron contribution
Assuming an s-wave superconductor, the drop can be attributed to the decreasing number of electronic heat carriers, hence, κ s e decreases rapidly. The hump indicates an enhanced mean free path of phonons due to the decreasing number of electronic scattering centers, therefore, κ s p increases below T c . J. Bardeen, G. Rickayzen, and L. Tewordt (BRT) developed a standard theory for thermal conductivity in the case of an s-wave superconductor 43 . In the spirit of the BRT theory, we sketched the temperature dependence for both κ p and κ e in the inset of Fig. 3(a) , which can qualitatively explain our observed temperature dependence of the thermal conductivity.
D. H-dependence of the thermal conductivity
We now turn to the field-dependence of κ(H)/T for LaPt 4 Ge 12 , which is presented in Fig. 4(a) for selected temperatures between 290 mK and 650 mK together with a zero-temperature extrapolation. The measurements were performed on increasing field. A comparison with measurements during decreasing field showed no hysteresis. The field-dependence is consistent with temperaturedependent measurements at finite fields, which were performed on warming and which do not show any difference between field-and zero-field-cooling.
A clear kink is visible at µ 0 H c2 = 1.4 T. This is slightly lower than 1.6 T from the extrapolation of the specificheat data on polycrystals obtained at T ≥ 1. from resistivity data down to 0.3 K 21 . The latter observation is in agreement with resistivity measurements on our samples (not shown), which show a slightly higher H c2 than from thermal transport and specific heat (Fig.  2) . This deviation is most likely due to surface effects. Below H c2 , the thermal conductivity shows an almost linear field dependence in the zero-temperature limit. For finite temperatures, a minimum appears at low fields. It shifts to higher fields and becomes more pronounced as the temperature is increased.
Generally, κ(H) is almost constant below H c1 36,47,49 , a regime which we will not consider here since µ 0 H c1 14 mT obtained from magnetization measurements is very small in LaPt 4 Ge 12 .
However, there are drastic changes above H c1 due to the properties of the vortex state: In addition to the delocalized quasiparticles due to thermal excitations above the gap, there are quasiparticles from the core region, which lead to an increase of κ s e 47,50-52 . Around the vortex core, a supercurrent flows, which decays over a distance roughly equal to the penetration depth λ. The supercurrent with the velocity v S leads to a Doppler shift of the energy of delocalized quasiparticles (k) → (k) − k · v S (H) 28, 53 . This changes the excitation spectrum, increases the density of states, and effectively lowers the gap ∆ for k directions with a component parallel to v S . This effect also increases κ The sum of all these effects leads to pronounced and typical differences in κ(H) for materials with different gap structures. They are all anisotropic with respect to the angle between current and field and also with respect to the angle between field and wave vector 47, 54, 56, 57 . In the following we restrict the discussion to our case of a field perpendicular to the current. The field dependence of κ(H) can be affected by the quality of the sample as exemplified in Fig. 4b for the case of an s-wave superconductor 47, 48, 50, 57 . In Fig. 4(b) , we compare our data with results on different materials. The materials chosen for this comparison show a field-dependence of the thermal conductivity typical for their superconducting gap symmetry. The key signatures found in LaPt 4 Ge 12 are the finite slope close to H c2 , no residual term κ 0 /κ n at zero field, and a minimum at intermediate fields, which is absent for T → 0 but increases in amplitude with increasing T . The curve for LaPt 4 Ge 12 compares best with that of InBi, which is a representative example for dirty s-wave superconductors [47] [48] [49] 58, 59 . The most important difference to the clean s-wave case is the infinite slope at H c2 found in the latter one. We also added data for a second dirty superconductor at higher relative temperature to illustrate the appearance of a minimum at intermediate fields very similar to our observation in LaPt 4 Ge 12 .
The good agreement of κ(H) in LaPt 4 Ge 12 with that of a dirty s-wave superconductor fits to the specific heat results and the temperature dependence of the thermal conductivity. We find in addition, that our sample is actually in the dirty limit, since the Ginzburg-Landau coherence length ξ = 20 nm is of the same order as the superconducting mean free path l = 60 nm. Here, we used the upper critical field to determine ξ with µ 0 H c2 = Φ 0 /2πξ 2 = 1.4 T. To calculate l, we applied
where we use the electronic specific heat coefficient γ n = 1600 in the unit erg K −2 /cm −3 , the residual resistivity ρ 0 = 4 · 10 −6 in the unit Ωcm (from crystal #3, not shown), T c = 8 in the unit K, and the aforementioned coherence length ξ = 2 · 10 −6 in the unit cm. The good agreement with results for a dirty s-wave superconductor implies, that the field dependence of the thermal conductivity is composed of a phonon part κ s p , which decreases with increasing field due to scattering on vortices, and an electronic contribution, which increases due to an enhanced number of localized states in the vortex cores tunneling to ever closer neighboring vortices. This behavior is indicated in Fig. 4(a) .
Since our specific-heat results indicate that a description within a two-band model is also consistent with the data, we like to analyze our thermal-transport data with respect to this scenario as well. A typical feature of κ(H) in multiband systems is a plateau at intermediate fields as shown in Fig. 4(b) for MgB 2 , which is attributed to the suppression of the smaller of the two gaps. We do not observe such change of curvature in LaPt 4 Ge 12 . However, this change might be very weak as e.g. in the case of NbSe 2 36 . Let us now compare our thermal conductivity results with observations and predictions for the case of nodes in the superconducting gap. There are both theoretical 54, 55 and experimental [61] [62] [63] reports on a minimum in κ(H) for unconventional superconductors. The slope above the minimum can vary considerably depending on the type of gap and the purity of the sample 54,55,64 (cf. Fig. 4(b) ). Such a minimum is consistent with our observation. Hence, this property does not rule out nodes in the gap of LaPt 4 Ge 12 completely. However, one would expect a sizable residual term for T → 0 in a nodal superconductor. In contrast, both single-band and multiband s-wave superconductors show an insignificantly small residual term exactly as our results on LaPt 4 Ge 12 .
IV. CONCLUSION
We performed specific-heat and thermal-conductivity measurements to investigate the superconducting order parameter of LaPt 4 Ge 12 . The specific heat shows a sharp superconducting transition at 8.0 K and its zero-field temperature-dependence in the superconducting state can nicely be described assuming a single BCS s-wave gap of the size ∆ = 2.0 k B T c . The field dependence of the γ 0 -coefficient deviates from the simple linear behavior for s-wave pairing. Such a deviation can arise, if the Fermi surface shows strong anisotropies as is the case for LaPt 4 Ge 12 . We used the specific-heat results to analyze the low-temperature thermal-transport in detail. The temperature dependence of the thermal conductivity reveals a dominant phonon contribution at low temperatures and a negligible electronic residual term. Together with the dependence of the thermal conductivity on magnetic field, this behavior suggests a single gap BCS s-wave superconductor.
However, we cannot completely exclude a two-band scenario from our experimental results, in particular if both gaps have a similar size ∆/k B T c or if one of them has only a tiny contribution to the thermal-transport and thermodynamic properties. The analysis of the specific heat data enables us to limit the possible range of amplitudes ∆ 1 and ∆ 2 and weighting factors x within the two-gap α-model. The possible parameter range is comparatively large, since a single-band model is already sufficient to describe our experimental results.
Since the sister compound PrPt 4 Ge 12 is discussed to be a multigap and/or unconventional superconductor, further thermal conductivity and specific heat measurements on the substitution series (Pr 1−x La x )Pt 4 Ge 12 are
